T a t s u o Arai, T a k a s h i K a r a t s u , H i r o a k i Misawa, Y a s u n a o K u r i y a m a , H i r o a k i O k a m o t o , T a t s u r o H i r e s a k i , Hideo Furuuchi, Hualing Zeng, H i r o c h i k a S a k u r a g i , and Katsumi Tokumaru Department of C h e m i s t r y , U n i v e r s i t y of Tsukuba, Tsukuba, I b a r a k i 305, J a p a n A b s t r a c t -Aromatic o l e f i n s l i k e a n t h r y l e t h y l e n e s (&-a undergo one-way i s o m e r i z a t i o n , which p r o c e e d s s o l e l y from t h e c i s t o t r a n s i s o m e r i n v e r y h i g h q u a n t u m y i e l d s f a r exceedl;ng u n i t y t h r o u g h a d i a b a t i c c o n v e r s i o n o f i n i t i a l l y produced c i s t r i p l e t ( c ) t o t r a n s t r i p l e t (3t*) p a s s i n g t h r o u g h a p e r p e n d i c u l a r l y t w i s t e d c o n f o r m a t i o n . T h i s is i n r e m a r k a b l e c o n t r a s t w i t h
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It is well-known t h a t c i s and t r a n s i s o m e r s o f o l e f i n s are v e r y s t a b l e a t room t e m p e r a t u r e u n l e s s exposed t o l i g h t and might o n l y s l o w l y i s o m e r i z e on h e a t i n g a t e l e v a t e d t e m p e r a t u r e s . T h i s i s due t o a h i g h energy b a r r i e r t o be overcome on r o t a t i o n of t h e d o u b l e bond s t a r t i n g from e i t h e r i s o m e r , as s e e n i n a p o t e n t i a l d i a g r a m d e p i c t e d i n
, where a perpendicul a r l y t w i s t e d c o n f o r m a t i o n (Op) i s maximum i n e n e r g y ( r e f . 1).
However, on i r r a d i a t i o n many o l e f i n s undergo mutual i s o m e r i z a t i o n between t h e i r c i s and t r a n s i s o m e r s , a l t h o u g h t h e c o n v e r s i o n d o e s n o t p r o c e e d 100% t o e i t h e r i s o m e r b u t g i v e a p h o t o s t at i o n a r y m i x t u r e of b o t h i s o m e r s on s t a r t i n g f r o m e i t h e r i s o m e r ( r e f . 1-8). The p h o t o i s om e r i z a t i o n h a s b e e n e m p l o y e d i n r e s e a r c h l a b o r a t o r i e s a s w e l l a s i n i n d u s t r y t o p r o d u c e u s e f u l i s o m e r s from t h e i r c o u n t e r p a r t s which are r e a d i l y a v a i l a b l e . A p r a c t i c a l a p p l i c a t i o n i s m a n u f a c t u r e of f i n e c h e m i c a l s l i k e v i t a m i n A, v i t a m i n D, e t c ( r e f . 9). The mechanism f o r i s o m e r i z a t i o n i n t h e t r i p l e t and s i n g l e t e x c i t e d s t a t e s h a s been e x t e n s i v el y i n v e s t i g a t e d by many w o r k e r s w i t h s t i l b e n e a n d i t s d e r i v a t i v e s ( r e f . 1-8,lO-12). An energy diagram well a c c e p t e d f o r t h e i s o m e r i z a t i o n i n t h e t r i p l e t m a n i f o l d is d e p i c t e d i n F i g . 2 ( r e f . 1-8). S e n s i t i z e d e x c i t a t i o n of c i s and t r a n s i s o m e r s of o l e f i n s i v e s c i s t r i pl e t s (3c*) and t r a n s t r i p l e t s (3t*), r e s p e c t i v e l y . However, n e i t h e r 3t* n o r 3c' is s t a b l e and b o t h r e a d i l y t w i s t around t h e i r d o u b l e bond i n t o t h e most s t a b l e t r i p l e t , a p e r p e n d i c u l a r l y t w i s t e d t r i p l e t (3p*). 3p* i s v e r y c l o s e i n e n e r y t o Op a n d u n d e r g o e s d e a c t i v a t i o n t o Op i n t h e g r o u n d s t a t e w i t h a c e r t a i n r a t i o . T h e r e f o r e , a f t e r i r r a d i a t i o n f o r a s u f f i c i e n t time, t h e r e a c t i o n r e s u l t s i n a p h o t o s t a t i o n a r y s t a t e c o m p r i s i n g of a c e r t a i n r a t i o of b o t h i s o m e r s . t h r o u g h i n t e r s y s t e m c r o s s i n g . Then, t h e r e s u l t i n g 8 p c o l l a p s e s t o e i t h e r c i s or t r a n s isomer
The above e n e r g y Proposed p o t e n t i a l e n e r g y s u r f a c e s of s t i l b e n e .
d i a g r a m can e x p l a i n t h e o b s e r v a t i o n s t h a t b o t h of c i s -t o -t r a n s and t r a n s -t oc i s i s o m e r i z a t i o n quantum y i e l d s , OC+t and
( r e f . 2 , 3 a , 4 b , 5 b , 7 a , 8 ) . To say s i m p l y , t h e m u t u a l i s o m e r i z a t i o n b e t w e e n t h e t w o i s o m e r s arises from t h e t r i p l e t e n e r g y s u r f a c e , on which 3p* i s t h e most s t a b l e and t h e d e a c t i v a t i o n t o t h e ground state o c c u r s from 3p".
The t r i p l e t energy diagram of s t i l b e n e is o r i g i n a t e d from modifying t h e r e s u l t s c a l c u l a t e d f o r e t h y l e n e , t h e s i m p l e s t o l e f i n , by M u l l i k e n ( Fig. 1) ( r e f , 1). For e t h y l e n e , a l t h o u g h t h e r e i s no d i s t i n c t i o n between c i s and t r a n s f o r m s i n t h e g r o u n d as w e l l as e
x c i t e d s t a t e s , p" i s t h e m o s t s t a b l e i n t h e e x c i t e d s t a t e a n d a s o l e d e a c t i v a t i o n f u n n e l t o Op.
The c o n c e p t borne o u t f o r e t h y l e n e and s t i l b e n e ( r e f . 1 , 2 ) h a s been t a k e n t o c o v e r a l l t y p e s of o l e f i n s . Nobody h a s d o u b t e d t h a t e v e r y o l e f i n w o u l d u n d e r g o t h e m u t u a l i s o m e r i z a t i o n between i t s c i s and t r a n s i s o m e r , u n t i l w e made a d r a m a t i c f i n d i n g of one-way i s o m e r i z a t i o n .
ONE-WAY ISOMERIZATION OF AROMATIC OLEFINS
During t h e c o u r s e of our i n v e s t i g a t i o n on i s o m e r i z a t i o n of a r o m a t i c o l e f i n s ( r e f . 8,13,14), we found t h a t t h e o l e f i n s s u b s t i t u t e d by a 2 -a n t h r y l group and a n o t h e r group, l i k e a n a l k y l , p h e n y l , o r 2 -n a p h t h y l , on o n e e t h y l e n i c c a r b o n a n d t h e o t h e r , r e s p e c t i v e l y , e x e r t a r e a l l y d r a m a t i c c h a n g e i n p h o t o c h e m i c a l b e h a v i o r ( r e f . 1 5 , 1 6 ) . On d i r e c t a s w e l l a s s e n s i t i z e d i r r a d i a t i o n , t h e s e o l e f i n s underwent one-way i s o m e r i z a t i o n from t h e i r c i s t o t r a n s i s o m e r s , w h e r e a s no r e v e r s e i s o m e r i z a t i o n f r o m t h e i r t r a n s t o c i s d i d n o t t a k e p l a c e e v e n when t h e t r a n s i s o m e r s were e x c i t e d .
Another f e a t u r e of t h e one-way i s o m e r i z a t i o n i s t h a t t h e quantum y i e l d @c+t f a r e x c e e d s u n i t y and i n c r e a s e s w i t h i n c r e a s i n g c o n c e n t r a t i o n of t h e c i s i s o m e r t o a t t a i n a v a l u e of t e n o r t w e n t y ( F i g . 3 ) , i n d i c a t i n g c l e a r l y t h a t t h e i s o m e r i z a t i o n t a k e s p l a c e t h r o u g h a q u a n t u m c h a i n p r o c e s s ( r e f 15-17).
How d o e s t h e one-way i s o m e r i z a t i o n t a k e p l a c e ? T h e r e i s no p a r t i c i p a t i o n o f p a s a n i m p o r t a n t i n t e r m e d i a t e , s i n c e i t w o u l d g i v e a m i x t u r e o f b o t h i s o m e r s . Thus, 3c't r e s u l t i n g f r o m e x c i t a t i o n u n d e r g o e s t w i s t i n g a r o u n d t h e d o u b l e bond t o a t t a i n 3t" by p a s s i n g t h r o u g h a p e r p e n d i c u l a r c o n f o r m a t i o n . W e d o n o t t h i n k t h a t a n e n e r g y minimum i s s i t u a t e d a t t h e p e r p e n d i c u l a r c o n f o r m a t i o n . T h e r e f o r e , t h e e x c i t e d s t a t e d o e s n o t stay a t t h i s c o n f o r m a t i o n f o r a s u f f i c i e n t l i f e t i m e t o be d e a c t i v a t e d t o t h e ground s t a t e , and t h i s c o n f o r m a t i o n is o n l y a s i m p l e p o i n t t o be q u i c k l y passed. In t h e proposed energy d i a ram, 3tsr r e s u l t i n g from t h e t w i s t i n g of 3c" undergoes e i t h e r u n i m o l e c u l a r d e a c t i v a t i o n t o 6t o r b i m o l e c u l a r e n e r g y t r a n s f e r t o Oc t o r e g e n e r a t e 3c" w h i c h a g a i n g i v e s 3t'', t h u s accomp l i s h i n g t h e quantum c h a i n process. On t w i s t i n g from jc" t o 3tK, t h e t r i p l e t s t a t e m o l e c u l e may overcome a n energy b a r r i e r i n an "across-a-ridge'' o r "over-a-hump" f a s h i o n , depending on t h e s u b s t i t u e n t on t h e 6 -e t h y l e n i c c a r b o n . To u n d e r s t a n d t h e one-way i s o m e r i z a t i o n , o n e m i g h t s u p p o s e t h a t i n t h e t r i p l e t s t a t e t h e e n e r g y minimum w o u l d n o t b e a t t h e e x a c t l y p e r p e n d i c u l a r p o s i t i o n b u t s l i g h t l y s h i f t e d t o t r a n s s i d e ( F i g . 5 ) ( r e f . l 8 , 1 9 ) ; h o w e v e r , s u c h a scheme c o u l d n o t e x p l a i n t h e observed quantum c h a i n p r o c e s s .
3' +*
We have proposed a p o t e n t i a l energy diagram d e p i c t e d i n Fig. 4 ( r e f . 15,16). Angle of Twist /Degree I n t h e 2 -a n t h r y l e t h y l e n e s , t h e most s t a b l e t r i p l e t i s n o t 3pi' but3 >". T r a n s i e n t a b s o r p t i o n s p e c t r o s c o p y provided v e r y clear evidence. The t w i s t e d t r i p l e t p of t h e s e o l e f i n s should e x h i b i t an a b s o r p t i o n as long-wavelength as t h a t due t o a 2 -a n t h r y l m e t h y l r a d i c a l chromop h o r e , s i n c e t h e r e m a i n i n g c h r o m o p h o r e , a n a l k y l , b e n z y l , o r 2 -n a p h t h y l m e t h y l , s h o w s a n a b s o r p t i o n a t s h o r t e r w a v e l e n g t h s t h a n t h e 2 -a n t h r y l m e t h y l r a d i c a l (Fig. 6 ).
However, t h e a b s o r p t i o n of t h e p l a n a r t r i p l e t 3ti' s h o u l d depend on t h e s u b s t i t u e n t on R-carbon and s h o u l d be s h i f t e d t o l o n g e r w a v e l e n g t h s as t h e s u b s t i t u e n t becomes w e l l c o n j u g a t e d . Also, 3pi' i s v e r y c l o s e t o Op i n e n e r g y a n d , t h e r e f o r e round s t a t e w i t h a 
B o t h t h e a b s o r p t i o n s d e c a y w i t h t h e same l i f e t i m e i r r e s p e c t i v e of t h e geometry of t h e s t a r t i n g isomer. On i n t r o d u c t i o n of a phenyl group (Ib) a t t h e R-ethylenic c a r b o n i n s t e a d of t h e a l k y l group, t h e s t r o n g a b s o r p t i o n is d e a c t i v a t e d f a c i l e l y t o t h e
:
5:
CH-CH-R e : R-H
4:
CH-CH-R is s l i g h t l y s h i f t e d t o l o n g e r w a v e l e n g t h s and t h e a b s o r p t i o n a t 550 nm i n c r e a s e s i n i n t e ns i t y , and a n o t h e r a b s o r p t i o n a p p e a r s a t l o n g e r w a v e l e n g t h s t h a n 600 nm. F u r t h e r m o r e , i n t r od u c t i o n of a 2 -n a p h t h y l g r o u p (k) i n s t e a d of t h e p h e n y l g r o u p i n c r e a s e s i n t e n s i t y of t h e a b s o r p t i o n a t 550 nm, s h i f t s s l i g h t l y t h e a b s o r p t i o n i n t h e >600 nm r e g i o n t o l o n g e r wavel e n g t h s , and i n c r e a s e s i t s i n t e n s i t y t o such a n e x t e n t t h a t t h i s a b s o r p t i o n i s s t r o n g e r t h a n t h o s e of and a t 450 nm. The t r a n s i e n t a b s o r p t i o n s of a l l t h e s e o l e f i n s e l r h i b i t e x t r a -
,H H ' c =LR 3 * 3t* P F i g . 6. P i c t o r i a l r e p r e s e n t a t i o n of p l a n a r 3t" and p e r p e n d i c u l a r l y t w i s t e d and t r a n s i e n t r e s o n a n c e Raman s p e c t r a o f t r i p l e t &.
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According t o t h e proposed mechanism, t h e quantum y i e l d f o r i s o m e r i z a t i o n on t r i p l e t s e n s i t iz a t i o n i s e x p r e s s e d by t h e f o l l o w i n g e q u a t i o n :
@~. $~s = O$$Fs(l t k q T~[ c i s ] )
On d i r e c t i r r a d i a t i o n , t h e i s o m e r i z a t i o n of t h e 2 -a n t h r y l e t h y l e n e s t a k e s p l a c e i n t h e t r i p l e t m a n i f o l d b u t n o t i n t h e s i n g l e t m a n i f o l d . T h i s i s i n r e m a r k a b l e c o n t r a s t w i t h t h e case of s t i l b e n e ( r e f . 1 5 , 1 6 ) . The c i s i s o m e r s a s w e l l a s t r a n s i s o m e r s o f t h e s e o l e f i n s e x h i b i t s t r o n g f l u o r e s c e n c e d i f f e r e n t i n t h e s p e c t r a l s h a p e a n d l i f e t i m e ( r e f . 1 5 , 1 6 , 2 1 , 2 3 ) . The s i n g l e t e x c i t e d c i s i s o m e r s under o e i t h e r f l u o r e s c e n c e e m i s s i o n o r i n t e r s y s t e m c r o s s i n g t o e m i s s i o n Of and i n t e r s y s t e m c r o s s i n g O i s c are shown i n T a b l e 1, and t h e i r sum f o r e a c h i s o m e r is n e a r l y u n i t y . The quantum y i e l d f o r i s o m e r i z a t i o n on d i r e c t i r r a d i a t i o n i s shown by t h e f o l l o w i n g e q u a t i o n :
t h e i r t r i p l e t states, i n which 3 @ c ' s i s o m e r i z e 
On d i r e c t a s w e l l as s e n s i t i z e d i r r a d i a t i o n , t h e q u a n t u m y i e l d l i n e a r l y i n c r e a s e s w i t h i n c r e a s i n g c i s isomer c o n c e n t r a t i o n as d e p i c t e d i n Fig. 3 Table 2) : TThe kq v a l u e s v a r y from t h e o r d e r of lo6 t o lo8 dm3mol-1s-1 depending on t h e s u b s t i t u e n t s , a n a l k y l S ghenyl These v a l u e s mean t h a t t h e e n e r g y t r a n s f e r f r o m t o dc i s s l i g h t l y e n d o t h e r m i c . I t i s n o t s o u s u a l t o s e e s l i g h t l y e n d o t h e r m i c energy t r a n s f e r t a k i n g p l a c e e f f e c t i v e l y . I t should be emphasized t h a t t h i s is s o l e l y due t o t h e e x t r a o r d i n a r i l y l o n g 3t" l i f e t i m e s , d u r i n g which 3tit c a n t r a n s f e r energy
. D i v i d i n g t h e s l o p e s by t h e i n t e rc e p t s a f f o r d s k T v a l u e s , w h i c h g i v e t h e kq v a l u e s when c o m b i n e d w i t h t h e d e t e r m i n e d T T v a l u e s (
t o Oc i n c o m p e t i t i o n w i t h u n i m o l e c u l a r d e a c t i v a t i o n .
The t r i p l e t e x c i t a t i o n e n e r g i e s (ET) of t h e t r a n s f o r m s of o l e f i n s , la, u, a n d k c a n b e e s t i m a t e d f r o m t h e i r weak p h o s p h o r e s c e n c e ( i n EPA a t 77K) a s 42.5, 41.0, a n d 3 9 . 8 k c a l / m o l , r e s p e c t i v e l y , The t r i p l e t e n e r g i e s f o r t h e c i s i s o m e r s were e s t i m a t e d by e x a m i n i n g t h e e f f e c t of t r i p l e t d y e s e n s i t i z e r s w i t h v a r y i n g e n e r g i e s a s l i s t e d i n T a b l e 3 ( r e f . 1 8 ) . T a b l e 3 shows t h a t cis-& c a n be s e n s i t i z e d by s e n s i t i z e r s w i t h t r i p l e t e n e r g i e s h i g h e r t h a n 42 k c a l / m o l . 
p l e t s t a t e s g e n e r a l l y a r e l e s s e f f i c i e n t l y quenched by a z u l e n e when t h e i r e n e r g i e s become c l o s e r t o t h a t o f a z u l e n e .
The o b s e r v e d r a t e c o n s t a n t s f o r 3 t i t ' s of l a -l c a r e p l o t t e d a g a i n s t t h e t r i p l e t e n e r g i e s a l o n g w i t h t h e quenching r a t e c o n s t a n t s re o r t e d f o r t h e w e l lknown t r i p l e t s t a t e s ( F i g . 9 ) ( r e f . 25). The r e s u l t s i n d i c a t e t h a t 3 t B l i e s 4 0 , 38, a n d 3 7 k c a l / m o l above O t f o r &, @, and &, r e s p e c t i v e l y ( r e f . 18). The R -s u b s t i t u e n t dependence of t h e t r i p l e t energy i s i n good agreement w i t h t h e phosphorescence r e s u l t s . 2 6 ) . 
TRIPLET ENERGY SURFACES OF ONE-WAY ISOMERIZING OLEFINS
I n t h e one-way i s o m e r i z a t i o n , 3cit u n d e r g o e s t w i s t i n g a r o u n d t h e d o u b l e bond t o g i v e 3 t i i ; h o w e v e r , a p r o b l e m a r i s e s w h e t h e r t h e t r i p l e t e n e r g y s u r f a c e d e c r e a s e s m o n o t o n i c a l l y i n energy from 3ci' t o 3ti' o r i n v o l v e an energy b a r r i e r around t h e p e r p e n d i c u l a r c o n f o r m a t i o n . To s o l v e t h i s problem, w e i n v e s t i g a t e d photochemical behavior of 2 -v i n y l a n t h r a c e n e (&) and i t s d e u t e r a t e d d e r i v a t i v e ( k -d ) . On b e n z i l -s e n s i t i z e d i r r a d i a t i o n i n benzene a t 7 OC, trans-&-d d i d n o t e f f i c i e n t l y i s o m e r i z e i n t o t h e c i s isomer. The observed v a l u e s a r e e x t r e m e l y low compared w i t h t h o s e f o r s t i l b e n e s and s t y r e n e s ( r e f . 2 , 4 b , 5 b 1 7 a , 8 ) , and i n c r e a s e w i t h t e m p e r a t u r e . However, t h e l i f e t i m e of t h e t r i p l e t s t a t e was e s s e n t i a l l y independent of t e m p e r a t u r e . These f i n d i n g s c l e a r l y i n d i c a t e t h a t t h e t r i p l e t trans-&-d i s o m e r i z e s t o t h e t r i p l e t cis-&-d i n an a d i a b a t i c way by overcoming an energy b a r r i e r a t t h e p e r p e n d i c u l a r conformation as t h e t r a n s i t i o n s t a t e . T h i s n o v e l t y p e of photochemical i s o m e r i z a t i o n e f f e c t e d by h e a t can be termed as "across-a-ridge" o r "over-ahump" isomer i z a t i o n . However, t h e i s o m e r i z a t i o n was c l e a r l y observed above 16 O C ( r e f .> 1 O'C Z W D D Z L i
b e t h e same f o r t h e t w o i s o m e r s . @ST and @ET r e p r e s e n t t h e q u a n t u m y i e l d s f o r i n t e r s y s t e m c r o s s i n g of s i n g l e t e x c i t e d s e n s i t i z e r and f o r energy t r a n s f e r from t h e t r i p l e t s e n s i t i z e r t o t r a n s -k -d , r e s p e c t i v e l y . An assumption t h a t @ a n d @ a r e independent of t e m p e r a t u r e e n a b l e s u s t o e s t i m a t e k .
A r r h e n i u s p l o t of k r S T l e d t o E T l l k c a l / m o l a s t h e a c t i v a t i o n energy and 5 x l 0 l 1 a s t h e ;ree x p o n e n t i a l f a c t o r . ( F i g 1 0 ) . The l a r g e a c t i v a t i o n energy b a r r i e r i n h i b i t s t h e t w i s t i n g of C=C bond and, t h e r e f o r e , t h e decay should occur from t h e p l a n a r conformation of t h e t r i p l e t . The p l a n a r t r i p l e t i s n e a r l y 42 k c a l / m o l above t h e ground s t a t e a s determined by i t s phosphorescence and t h e quenching r a t e c o n s t a n t by a z u l e n e and p e r y l e n e . u s t o draw p o t e n t i a l energy s u r f a c e of & a s shown i n F i g . 11.
These r e s u l t s a l l o w
I-I-$LI--T-I
--1 
F i g . 10. A r r h e n i u s p l o t s of r a t e c o n s t a n t s f o r C=C bond r o t a t i o n (k,) and d e a c t i v a t i o n (kd).
The l u m i n e s c e n c e of s i n g l e t oxygen, 02 ( l A ), produced on quenching of t h e t r i p l e t s of 2 -a n t h r y l e t h y l e n e s by oxy en h a s provided v a f u a b l e i n f o r m a t i o n s a b o u t t h e i r t r i p l e t s t a t e s , n o t o n l y t h e most s t a b l e st* b u t a l s o t h e p r o f i l e of t h e t r i p l e t p o t e n t i a l e n e r g y s u r f a c e s . G e n e r a l l y , t r i p l e t s t a t e s are quenched by oxygen ( r e f . 27). When t h e t r i p l e t t a k e s a conformation of 3p*, t h e quenching may t a k e p l a c e through a c c e l e r a t i o n of i n t e r s y s t e m c r o s s i n g t o Op ( s p i n exchange i n t e r a c t i o n ) w i t h a rate c o n s t a n t of (6-9)xlOg d~n~m o l -~s -~ i n benzene a t room t e m p e r a t u r e (3/9 o f t h e d i f f u s i o n -c o n t r o l l e d r a t e c o n s t a n t , k d i f ) w i t h o u t p r o d u c i n g s i n g l e t oxygen s i n c e 3p" i s v e r y c l o s e i n energy t o Op. However, when t h e o l e f i n t r i p l e t h a s
a l a r g e p o p u l a t i o n of 3t*, t h e quenching by oxygen p r o c e e d s t h r o u g h e n e r g y t r a n s f e r w i t h a rate c o n s t a n t of (2-3)x109 d~n~m o l -~s -~ ( k d i /9) t o produce s i n g l e t oxygen w i t h a h i g h e f f ic i e n c y s i n c e 3t* l i e s i n energy f a r above h. ( r e f . 4a,12,13c). T h e r e f o r e , t h e d e t e r m i n a t i o n of t h e e f f i c i e n c y f o r s i n g l e t oxygen a t 3t* ( r e f , 28).
p r o d u c t i o n p r o v i d e s t h e p o p u l a t i o n of t h e t r i p l e t s t a t e The quantum y i e l d s f o r s i n g l e t oxygen p r o d u c t i o n d e t e r m i n e d f o r t h e 2 -a n t h r y l e t h y l e n e s are l i s t e d i n T a b l e 1 ( r e f . 23). The o b s e r v e d v a l u e s a r e a l l m o r e t h a n n e a l y 0.5, a n d p a r t i c ul a r l y h i g h f o r t h e t r a n s i s o m e r s a n d c i s -l a , i n d i c a t i n g t h a t t h e t r i p l e t s t a t e s o f t h e s e o l e f i n s t a k e h i g h p o p u l a t i o n s of 3tg, p a r t i c u l a r l y on e x c i t a t i o n of t h e i r t r a n s i s o m e r s . On e x c i t a t i o n of t h e c i s i s o m e r s , oxygen was found t o r e d u c e Oc+.t remarkably f o r &, I f 3c* is n o t l o c a t e d a t a n e n e r g y minimum b u t a t t h e h i g h e s t l e v e l o n a t r i p l e t p o t e n t i a l e n e r g y s u r f a c e s i m p l y d e c r e a s i n g i n e n e r g y t o 3t*, 3c* w o u l d n o t h a v e a l i f e t i m e e n o u g h t o b e
quenched by oxygen.
The o b s e r v a t i o n of t h e a c r o s s -a -r i d g e o r over-a-hump i s o m e r i z a t i o n i n 2 -v i n y l a n t h r a c e n e & e n a b l e s u s t o s u p p o s e t h a t t h e p e r p e n d i c u l a r c o n f o r m a t i o n of t h e t r i p l e t l a i s l o c a t e d 10
k c a l / m o l h i g h e r i n energy t h a n 3t* and a l s o s e v e r a l k c a l / m o l h i g h e r t h a n 7 (Fig, 11) . In Fig. 1 2 ) 
cis-& t h e bulky t -b u t y l group i n d u c e s r o t a t i o n of t h e a n t h r y l group around t h e s i n g l e bond c o n n e c t i n g t o t h e double bond, r e s u l t i n g i n a less c o n j u g a t e d t r i p l e t similar t o a n a n t h r acene t r i p l e t . T h e r e f o r e , t h e o b s e r v e d h i g h v a l u e of @A f o r cis-& seems t o i n d i c a t e t h a t 3ci' as well a s t h e r e s u l t i n g 3t" i s quenched by oxygen t o produce s i n g l e t oxygen.
The r e l a t i v e l y l o w @ A v a l u e s f o r cis-lJ a n d cis-& i n d i c a t e p a r t i c i p a r i o n o f t h e s p i n e xc h a n g e i n t e r a c t i o n i n t h e q u e n c h i n g by o x y g e n . T h i s c a n b e i n t e r p r e t e d i n terms o f s o m e s t a b i l i z a t i o n o f 1 , 2 -b i r a d i c a l o i d t w i s t e d g e o m e t r i e s t h r o u g h benzyl-type c o n j u g a t i o n w i t h t h e phenyl o r 2-naphthyl group.
FACTORS GOVERNING THE MODES OF ONE-WAY AND TWO-WAY ISOMERIZATION
A s d e s c r i b e d a b o v e , t h e 2 -a n t h r y l e t h y l e n e s u n d e r g o t h e one-way i s o m e r i z a t i o n . The n e x t problem i s what f a c t o r s govern t h e mode of i s o m e r i z a t i o n , e i t h e r one-way o r two-way. For two-way i s o m e r i z i n g o l e f i n s , w e have a l r e a d y c l a s s i f i e d t h e i r t r i p l e t p o t e n t i a l e n e r g y s u rf a c e s i n t o t h r e e t y p e s , c l a s s e s A , B , a n d C , on t h e b a s i s o f t h e e f f e c t s o f a z u l e n e a n d oxygen on t h e p h o t o s t a t i o n a r y i s o m e r r a t i o (
( r e f . 13b). I n t r o d u c t i o n of an a r o m a t i c group w i t h a low t r i p l e t energy l i k e a n a p h t h a l e n e m o i e t y s t a b i l i z e s 3t*, and i n c r e a s e s t h e p o p u l a t i o n of 3t", w h i c h i s e q u i l i b r a t e d w i t h 3p*, a l t h o u g h t h e d e a c t i v a t i o n s t i l l t a k e s p l a c e s o l e l y f r o m 3p". The mechanism f o r one-way i s o m e r i z a t i o n of t h e 2 -a n t h r y l e t h y l e n e s i s t a k e n t o i n d i c a t e t h a t i n t r o d u c t i o n of a n a r o m a t i c group w i t h a v e r y low t r i p l e t energy l i k e an a n t h r a c e n e m o i e t y h i g h l y s t a b i l i z e s t h e p
l a n a r t r i p l e t s 3t* and 3c*, p a r t i c u l a r l y , 3t*. : e t h y l e n i c t r i p l e t Qe, : a r o m a t i c t r i p l e t Qa.
A s a r e s u l t , a d e e p energy minimum a t t h e p e r p e n d i c u l a r c o n f o r m a t i o n t e n d s t o d i s a
--- (<360) 2-Naphthyl 60.9 two-way two-way 0.13 ( 4 2 0 , 5 7 0 ) 0.14 ( 4 0 0 , 500) 3-Chrysenyl 56.6
8 -F l u o r a n t h e n y l 54. 
G e n e r a l l y , t h e t r i p l e t energy s u r f a c e s of t h e a r o m a t i c o l e f i n s c a n be drawn by a n " e t h y l e n i c " t r i p l e t Qe w i t h a n energy minimum a t t h e t w i s t e d geometry and a n "aromatic" t r i p l e t Qa w i t h energy minima a t t h e p l a n a r e o m e t r i e s ( r e f . 6a,13b,29). For s t i l b e n e , Qe d o m i n a t e s a t 3p* ( r e f . 6 a , 3 0 ) ; h o w e v e r , a t 3tB Qe a n d Qa i n t e r a c t t o r e s u l t i n s t a b i l i z a t i o n o f 3t* t o some e x t e n t . I n 2-NpCH=CHtBu (3, t h e n a p h t h y l group much l o w e r s Qa and s t a b i l i z e s 3t* t o g i v e
a n e a r l y e q u i m o l a r e q u i l i b r i u m m i x t u r e of 3t* and 3p''. I n t r o d u c t i o n of a 2 -a n t h r y l group on e t h y l e n e as i n 2 -v i n y l a n t h r a c e n e e x t r e m e l y s t
a b i l i z e s Qa a t a l l t h e c o n f o r m a t i o n s , and no a v o i d e d c r o s s i n g o c c u r s e v e n a t t h e p e r p e n d i c u l a r c o n f o r m a t i o n .
T h e r e f o r e , t h e t r i p l e t s mainly p o p u l a t e on t h e a n t h r a c e n e n u c l e u s and t h e t w i s t e d geometry i s a t r a n s i t i o n s t a t e i n t h e i s o m e r i z a t i o n . The s i t u a t i o n i s n e a r l y t h e same when 2 -v i n y l a n t h r a c e n e i s s u b s t i t u t e d by an a l k y l group a t t h e t e r m i n a l carbon.
An a t t e m p t h a s b e e n d o n e t o e x a m i n e t h e e f f e c t s of a r o m a t i c s u b s t i t u e n t s w i t h t h e t r i p l e t
e n e r g i e s b e t w e e n t h o s e of n a p h t h a l e n e a n d a n t h r a c e n e .
T a b l e 4 b r i e f l y s u m m a r i z e s t h e r e s u l t s ( r e f . 31-36).
I n a s e r i e s of a r o m a t i c o l e f i n s c a r r y i n g an a l k y l ( t -b u t y l ) group a t t h e B -e t h y l e n i c c a r b o n , t h o s e s u b s t i t u t e d by a n a r o m a t i c group w i t h t h e t r i p l e t e n e r g y l o w e r
t h a n t h a t of t h e 2-naphthyl group (a, i.e., t h e 3-chrysenyl 0, 8 -f l u o r a n t h e n y l (4a), and 1 -a n t h r y l d e r i v a t i v e (a), b 
r o u g h t a b o u t t h e c i s + t r a n s one-way i s o m e r i z a t i o n i n v o l v i n g t h e quantum c h a i n p r o c e s s as observed i n t h e quantum y i e l d s 0's which i n c r e a s e d w i t h i n c r e a s i n c i s -i s o m e r c o n c e n t r a t i o n . The t r i p l e t s t a t e s of t h e s e o l e f i n s are m o s t l y a s c r i b e d t o 3t! They e x h i b i t e d t r a n s i e n t a b s o r p t i o n s p e c t r a a t l o n g e r w a v e l e n g t h s t h a n t h o s e of t h e p a r e n t a r o m a t i c h y d r o c a r b o n s d u e t o t h e i r c o n j u g a t i o n w i t h t h e e t h y l e n i c l i n k a g e . H o w e v e r , i n a n o t h e r s e r i e s of a r o m a t i c o l e f i n s , t h e 8 -e t h y l e n i c c a r b o n o f w h i c h i s s u b s t i t u t e d by a phenyl group, a l l t h e a r o m a t i c g r o u p s , i n c l u d i n g 1-pyrenyl, h a v i n g t r i p l e t e n e r g i e s h i g h e r t h a n t h a t of t h e a n t h r y l group 3 -S t y r y l c h r y s e n e t h e a b s o r p t i o n a p p e a r e d a t s h o r t e r w a v e l e n g t h s t h a n i t s c o u n t e r p a r t w i t h a t -b u t y l group (&).
However 8 -s t y r y l f l u o r a n t h e n e (4b) a n d 1 -s t y r y l p y r e n e ( 6 b ) s h o w e d t h e a b s o r p t i o n mainly due t o %*. These r e s u l t s i n d i c a t e t h a t t h e e q u i l i b r a t i o n between 3p* and 3t* depends on t h e t r i p l e t e n e r g y of t h e l a r g e r a r o m a t i c group.
I n t h e series of ArCH=CHtBu, t h e a r o m a t i c t r i p l e t Qa t e n d s t o p r e d o m i n a t e a t t h e 3t* and t w i s t e d c o n f o r m a t i o n s w i t h d e c r e a s i n g t r i p l e t energy of t h e a r y l group. On t h e o t h e r hand, i n t h e ArCH=CHPh series, t h e phenyl group c o n s i d e r a b l y s t a b i l i z e s Qe t o make it i n t e r a c t w i t h Qa a t t h e t w i s t e d geometry, even i f Qa i s s i g n i f i c a n t l y s t a b i l i z e d , l e a d i n g t o t h e avoided c r o s s i n g between them. A s a r e s u l t , t h e t w i s t e d c o n f o r m a t i o n of ArHC-CHR i s more s t a b il i z e d i n t h e case where R=phenyl t h a n i s i n t h e case where R=tB~. T h e r e f o r e , t h e p r e s e n c e of a phenyl group p u t s a n energy minimum a t t h e t w i s t e d c o n f o r m a t i o n r e s u l t i n g i n e q u i l i b r i u m between 3t* and 3p* i n ArCH=CHPh.
The e q u i l i b r i u m c o n s t a n t K t p ( = [ 3 p * ] / [ 3 t * ] ) b e t w e e n 3p* a n d 3t* i s e s t i m a t e d by s e v e r a l methods. A method o f t e n employed i s d e t e r m i n a t i o n of t h e rate c o n s t a n t f o r quenching of t h e l e d t o t h e two-way i s o m e r i z a t i o n (Table 4) . e x h i b i t e d a t r a n s i e n t a b s o r p t i o n m o s t l y a s c r i b a b l e t o 3p* w h i c h i s e q u i l i b r a t e d w i t h t r i p l e t s t a t e by a z u l e n e (Az). U s u a l l y , p l a n a r t r i p l e t s t a t e s l i k e 3t* i s e f f i c i e n t l y quenched by a z u l e n e w i t h a d i f f u s i o n c o n t r o l l e d r a t e c o n s t a n t , kAz, (7-10)x109 dm3mol-1s-1 i n benzene a t room t e m p e r a t u r e , when t h e y have a t r i p l e t energy s u f f i c i e n t l y h i g h e r t h a n t h a t of a z u l e n e ( 3 9 . 8 k c a l / m o l ) . On t h e o t h e r h a n d , 3p* i s n o t q u e n c h e d by a z u l e n e , s i n c e 3p* d o e s n o t have a t r i p l e t energy enough t o e x c i t e a z u l e n e . T h e r e f o r e , a t r i p l e t s t a t e composed of 3t* and 3p* g i v e s a quenching rate c o n s t a n t , k8ks, between 0 and kAz depending on t h e r a t i o of 3t*, I n t h e s e r i e s of ArCH=CHPh, w i t h d e c r e a s i n g t r i p l e t e n e r g y of t h e aryl g r o u p , 2-naphthyl, 3-c h r y s e n y l , 8 -f l u o r a n t h e n y l , a n d 1 -p y r e n y l , t h e K t p v a l u e was r e d u c e d i n t h e same o r d e r a s 1.4-2.2 ( r e f . 1 2 ) , 1 . 4 , 0.5, a n d <0.1. T h e s e v a l u e s r e f l e c t d e c r e a s i n g s t a b i l i t y o f 3p* r e l a t i v e t o 3,".
Among t h e a r o m a t i c o l e f i n s examined, 1 -s t y r y l p y r e n e (6b) e x h i b i t e d i n t e r e s t i n g b e h a v i o r as a b o r d e r b e t w e e n t h e two-way a n d one-way modes; t h e o v e r a l l mode i s two-way, b u t QC+t i n c r e a s e s w i t h i n c r e a s i n g c i s -i s o m e r c o n c e n t r a t i o n . These f e a t u r e s i n d i c a t e t h a t t h e d e a c t iv a i o n of t h e t r i p l e t s t a t e o c c u r s from both 3p* and g i v e s a m i x t u r e of Oc a n d O t and t h e l a t t e r a f f o r d s s o l e l y O t w i t h c o n c u r r e n t r e g e n e r a t i o n o f 3c* by e n e r g y t r a n s f e r t o Oc.
The f a c t s t h a t t h e b o r d e r l i n e t o d i s t i n g u i s h between t h e two-way and one-way modes i s found b e t w e e n t h e n a p h t h y l (ET 6 1 k c a l / m o l ) a n d t h e c h r y s e n y l d e r i v a t i v e (ET 5 7 ) f o r t h e ArCH=CHtBu s e r i e s a n d a t t h e p y r e n y l d e r i v a t i v e (ET 4 8 ) 
t oxygen. T h i s i n d i c a t e s t h a t even s u b s t i t ut i o n by an a n t h r y l group may b r i n g a b o u t a s h a l l o w minimum a t t h e p e r p e n d i c u l a r l y t w i s t e d geometry on t h e t r i p l e t energy s u r f a c e so t h a t t h i s geometry can i n t e r a c t w i t h oxygen t o be d e a c t i v a t e d .
Moreover, b e h a v i o r of t h e t r i p l e t s t a t e s was found t o be d i f f e r e n t between 1-and 2-anthryle t h y l e n e s t o some e x t e n t .
Direct and s e n s i t i z e d i r r a d i a t i o n of 1-AnthCH=CHtBu (5a) and 1-AnthCH=CHPh (5b) r e s u l t e d i n t h e one-way i s o m e r i z a t i o n .
The quantum y i e l d s were h i g h e r t h a n u n i t y on s e n s i t i z e d i r r a d i a t i o n . However, t h e i r quantum c h a i n s are s h o r t e r t h a n t h e c o r r e sp o n d i n g 2 -a n t h r y l d e r i v a t i v e s . The f o r m e r t r i p l e t s t a t e s e x h i b i t t h e i r T-T a b s o r p t i o n a t s h o r t e r w a v e l e n g t h s t h a n t h e l a t t e r , and t h e i r t r i p l e t e n e r g i e s (40.7 and 38.8 k c a l / m o l f o r -5a and 2, r e s p e c t i v e l y a t t h e t r a n s p l a n a r geometry) were l o w e r t h a n t h o s e f o r t h e l a t t e r .
The s p i n d e n s i t i e s o f t r i p l e t a n t h r a c e n e a r e h i g h e r a t t h e 1 -p o s i t i o n t h a n a t t h e 2 -p o s i t i o n . Accordingly, t h e c o n j u g a t i o n i n t h e t r i p l e t s t a t e between t h e a n t h r y l group and t h e e t h y le n i c p a r t must be l a r g e r i n t h e 1 -a n t h r y l d e r i v a t i v e s t h a n i s i n t h e 2 -a n t h r y l d e r i v a t i v e s . The more e f f i c i e n t c o n j u g a t i o n i n t h e 1 -a n t h r y l e t h y l e n e s r e s u l t s i n more e n d o t h e r m i c e n e r g y t r a n s f e r from 3t* t o Oc t h a n 2 -a n t h r y l e t h y l e n e s . 
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